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1.  PROGRAMMATIC  OVERVIEW 


The  Tactical  Environment  Multiple  Systems  Evaluation  Program 
(TEMSEP)  is  jointly  funded  at  the  Harry  Diamond  Laboratories  (HDL)  by 
the  Army  and  the  Defense  Nuclear  Agency  (DNA)  and  is  directed  toward 
vulnerability  assessments  and  hardening  of  tactical  military  equipment 
for  tactical  nuclear  threats.  Specifically,  the  ultimate  goals  of 


a.  Develop  methods  to  assess  by  analysis  and  experimentation 
the  electrosiagnetic  pulse  (EMP)  vulnerabilities  of  military  equipment 
for  endoatmospheric  nuclear  threats 


b.  Predict  EMP  vulnerabilities  of  critical  military 
equipment  to  endoatmospheric  nuclear  threats 


d.  Evaluate  the  effectiveness  of  EMP  hardening  measures 
associated  with  exoatmospheric  nuclear  threats  for  protection  against 
endoatmospheric  nuclear  threats 


e.  Recommend  appropriate  EMP  hardening  measures  to  insure 
system  survivability  in  a tactical  nuclear  environment. 


In  general,  the  DNA-sponsored  portion  of  TEMSEP  addresses  the 
following  matters:  (1)  the  definition  of  EMP  environmental  criteria  for 
tactical  scenarios,  (2)  the  development  of  interaction  and  coupling 
technology  for  critical  tactical  systems  in  the  intermediate  region  of 
"weak”  Compton  currents,  and  (3)  the  evaluation  of  the  feasibility  of 
simulating  tactical  source-region  EMP  environments  by  using  the  HDL 
AURORA  Flash  X-Ray  Facility.  The  Army-sponsored  portion  of  TEMSEP,  on 
the  other  hand,  is  concerned  with  vulnerability  assessments  and 
hardening  recommendations  for  actual  Army  equipment. 


The  purpose  of  this  report  is  to  review  TEMSEP  and  the  progress 
made  in  this  program  during  FY76,  with  the  primary  emphasis  on  the 
applied  research  which  was  sponsored  by  DNA.  interaction  and  coupling 
studies,  damage  analyses,  and  vulnerability  assessments  of  the  Lance 
Missile  System  and  the  AN/GRC-106  Radio  System  were  performed  in  TEMSEP 
during  FY76  under  sponsorship  of  the  Army;  this  Army-sponsored  work  is 
not  discussed  at  length  in  this  report.  Some  of  the  DNA-sponsored  work 
done  in  TEMSEP  during  FY76  has  been  reported  in  the  open  literature.1 


‘j.  F.  If.  Diets,  G.  Merkel,  and  D.  Spohn,  Radiation  Induced  Coupling 
to  a Truncated  Cylinder  within  a Cylinder , IEEE  Trana.  Nucl.  Sci.,  NS-23 
(December  1976) . 


1.2  Approach 


Hie  total  programmatic  approach  of  TEMSEP,  is  as  follows i 

a.  From  the  defense  intelligence  coeuunity  and  related  EMP 
vulnerability  assessment  and  hardening  programs  (sjch  as  the  Multiple 
Systems  Evaluation  Program1 ) , identify  critical  foreign  and  domestic 
tactical  systems. 

b.  Define  the  characteristics  of  these  equipments  which 
contribute  to  their  susceptibility  to  tactical  nuclear  threats. 

c.  Develop  the  interaction  and  coupling  technology  necessary 
to  analyze  such  characteristics  and  to  determine  system  vulnerability. 

d.  Develop  the  experimental  and  theoretical  techniques 
necessary  to  evaluate  system  susceptibility  on  the  terminal  and  circuit 
level . 

e.  Establish  susceptibilities  and  assess  vulnerabilities  of 
a tractable  set  of  critical  foreign  and  domestic  systems  involved  in 
tactical  scenarios. 

f.  Evaluate  the  effectiveness  of  conventional  hardening 
measures  (such  as  filtering,  terminal  protection,  and  isolation)  for 
tactical  EMP  threats,  and  develop  generic  hardening  measures  applicable 
to  many  subsystems  of  the  same  general  type. 

g.  Identify  research  requirements  (such  as  interaction  and 
coupling  phenomena,  circuit  and  damage  models,  and  device  development 
for  terminal  and  circuit  protection)  resulting  from  the  technology  voids 
which  impede  meaningful  vulnerability  assessment  and  hardening  of 
critical  domestic  systems. 

A key  step  in  the  above  programmatic  approach  is  the 
development  of  the  interaction  and  coupling  technology  necessary  to 
assess  system  vulnerability.  This  step  involves  not  only  ths 
development  of  experimental  and  theoretical  techniques  for  predicting 
and  evaluating  responses  of  dominant  interaction  and  coupling  mechanisms 
(as  these  appear  in  actual  systems) , but  also  the  conception  and 
experimental  verification  of  technically  feasible  schemes  for  simulating 
tactical  source-region  EMP  environments.  With  regard  to  the  latter,  no 
existing  threat-relatable  EMP  simulator  can  produce  all  of  the 
electromagnetic  characteristics  of  a tactical  near-surface  nuclear 
detonation,  including  the  proper  electromagnetic  field  components, 
time-varying  air  conductivity,  and  Compton  current.  In  addition,  no 
data  gathered  during  atmospheric  tests  or  during  recent  underground 
tests  are  pertinent  (with  respect  to  both  the  time  and  the  dose)  to  the 

‘j.  F.  W.  Dietz , G,  Merkel , and  D.  Spohn,  Radiation  induced  Coupling 
to  a Truncated  Cylinder  within  a Cylinder , IBBB  Trane.  Mud,  Sci.,  MS-23 
(December  1976). 
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tactical  source  region,  as  shown  in  figure  1.  Nevertheless,  intelligent 
use  of  flash  x-ray  machines  (in  particular,  the  AURORA  Facility)  can 
yield  meaningful  information  that  can  be  used  to  validate  theory  or 
guide  the  development  of  theoretical  source-region  coupling  models.  In 
addition,  augmentation  of  the  AURORA  environment  may  be  possible  to 
simulate  a tactical  source— region  BMP  environment  which  is  appropriate 
for  certain  types  of  critical  systems. 
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Figure  1.  Regions  of  valid  atmospheric  test  data  and  recent  underground 
test  data  (according  to  R.  Shaffer  of  R and  D Associates)  and 
region  of  interest  for  tactical  source  region  related  research. 
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Thus,  severed,  areas  of  experimental  investigation  are  important 
to  programmatic  success,  each  of  which  is  designed  to  contribute  to  the 
eventual  ability  to  adequately  assess  the  vulnerability  of  military 
equipment  to  the  tactical  nuclear  threat.  These  areas  are  the 
following : 

a.  the  development  of  instrumentation  for  making 

electromagnetic  measurements  in  the  presence  of  ionizing  radiation 

b.  controlled  diagnostic  experiments  designed  to  validate  or 
guide  theoretical  developments  (by  using  the  AURORA  Facility,  the  High 
Intensity  Flash  X-Ray  Facility  (HIFX) , or  both) 

c.  Comprehensive  experimental  characterization  of  the  AURORA 
environment  with  respect  to  the  gamma  source,  the  electromagnetic  field, 
air  conductivity,  and  Compton  current 

d.  Proof-of-principle  experiments  designed  to  evaluate  the 
technical  feasibility  of  simulation  concepts  involving  the  AURORA 
Facility 

Although  most  of  HDL's  technical  effort  expended  for  DNA  in 
FY76  was  connected  with  the  areas  of  experimental  investigation  listed 
above,  the  development  of  theoretical  techniques  for  predicting  and 
evaluating  responses  of  dominant  interaction  and  coupling  mechanisms 
also  received  a good  deal  of  attention  in  FY76  and  figures  prominently 
in  TEMSEP.  The  areas  of  theoretical  investigation  that  presently  appear 
to  be  of  particular  programmatic  significance  are  these: 

J 

1 a.  The  relative  importance  of  electromagnetic  excitation 

_ (the  electromagnetic  field  and  transient  air  conductivity  in  the  absence 

of  the  system)  and  direct  excitation  (gamma  and  Compton-electron)  of 
systems  subjected  to  tactical  nuclear  threats 

b.  Evaluation  and  improvement  of  state-of-the-art  numerical 
tools  for  tact iced  applications 

c.  Evaluation  and  improvement  of  time-phase  (particularly , 
quasi-static)  analytical  and  numerical  tools  for  tactical  applications. 

The  first  area  of  theoretical  investigation  is  concerned  with 
the  significance  of  detailed  Monte  Carlo  sources,  self-consistency,  and 
charge-depletion  (boundary)  layers  in  a tactical  context.  The  last  two 
areas  of  theoretical  investigation  are  concerned  with  establishing  the 
adequacy  of  existing  theoretical  techniques  and  improving  them  for 
tactical  applications. 
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2 . PROGRAMMATIC  MILESTONES 

During  FY76 , several  programmatic  milestones  were  identified.  These 
included  the  successful  completion  of  two  AURORA  runs  (December  and 
March) , the  awarding  of  severs*  supporting  contracts , the  completion  of 
system  coupling  analyses  (Lance  and  the  AN/GRC-106) , the  running  of  a 
new  environment  code  (NEMP) , and  the  identification  of  potential  problem 
areas  (Mission  Research  Corp.  (MRC) /AURORA  memorandums  and  boundary  layer 
reports) . Each  milestone  by  itself  does  not  represent  a technical 
accomplishment , but  rather  is  an  identifiable  effort  which  is  important 
only  in  an  overall  programmatic  context.  The  technical  milestones 
represent  the  true  technical  progress  made  in  this  program. 

2.1  December  Test 

During  early  December  1975,  a series  of  experiments  was 
conducted  at  the  AURORA  Facility  with  the  primary  purpose  of  determining 
the  adequacy  of  new  instruments  which  had  been  designed  to  function  in 
the  radiation  environment.  In  addition,  coupling  experiments  and  AURORA 
gamma-source  measurements  were  carried  out.  With  respect  to  the  four 
general  areas  of  research  addressed  in  FY76  (coupling,  instrumentation, 
basic  phenomena,  and  simulation) , the  experiments  addressed  three  of 
them  (coupling,  instrumentation,  and  simulation) . 

New  instrumentation,  constructed  for  use  in  the  March  1976 
test,  was  checked  out  in  the  radiation  environment.  This  included  a 
cathode  follower,  to  be  used  in  connection  with  a Tektronix  voltage 
probe  to  make  high- impedance  voltage  measurements,  and  a Compton  diode 
and  a collimated  Rogowski  coil,  to  be  used  to  measure  the  Compton 
current  in  the  air.  Response  measurements  of  a concentric  box  geometry 
also  were  made  with  the  intention  of  being  used  for  comparisons  with 
theory.  In  simulation,  a series  of  collimated  dosimeter  measurements 
was  performed  to  provide  information  useful  for  characterizing  the 
AURORA  source. 

The  Compton  diode  constructed  for  this  test  (fig.  2)  consisted 
of  an  aluminum  cylinder  15  cm  in  diameter  with  a tungsten  collector 
6.3  cm  in  diameter.  To  collimate  the  current  driving  the  sensor,  Pb 
(10  cm  thick)  was  used.  /'\  ■ — 


The  collimated  Rogowski  1 1 

coil  comprised  an  Adams  Electronic  1 Q S 

Corp.  (ADELCO)  current  probe  (of  I W I 

radius  1.27  cm)  collimated  with  / ygEj  I 

10  cm  of  Pb.  The  probe  and  Pb  were  \ J \ J 

placed  in  an  aluminum  cylinder  for  V s \ / 

convenience.  Figure  2.  Compton  diode. 
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A cathode  follower  circuit  was  constructed  to  be  used  as  an 
impedance  matching  network  to  drive  the  low- impedance  cable  from  a high- 
impedance  source  while  maintaining  minimal  signal  loss  (fig.  3) . The 
device  was  used  with  a Tektronix  P6003  probe  to  measure  the  voltage 
buildup  on  the  center  box  of  the  concentric  box  test  geometry  used  in 
coupling  experiments.  The  voltage  probe  was  exposed  to  the  unattenuated 
AURORA  radiation  within  the  test  geometry,  but  the  cathode  follower  was 
provided  shielding  by  being  placed  inside  the  center  of  a stack  of  Pb 
bricks.  In  this  configuration,  the  cathode  follower  was  exposed  to  a 
total  dose  of  approximately  5 rads  (Si)  (3  * 107  rads  (Si)/s  peak). 

Coupling  experiments  used  the  basic  concentric  box  geometry 
shown  in  figure  4.  It  consisted  of  a box  15.24  cm  to  a side  constructed 
of  0.63-cm  aluminum,  suspended  on  nylon  rope  in  a 66-cm  square 
conducting  upper  chamber  of  a two-chamber  radio  frequency  interference 
(RFI)  shielded  box.  The  inner  aluminum  box,  located  in  the  center  of 
the  upper  chamber,  was  connected  with  a thin  wire  to  e BNC  feed-through 
cable  to  the  lower  chamber  where  the  cathode  followers  were  located. 
The  two  chambers  were  separated  by  a 2 . 54-cm-thick  alumir-m  partition. 
The  suspended  aluminum  box  was  used  in  two  modes:  one  with  the  box 
empty  so  that  it  was  thin  with  respect  to  the  absorption  of  gamma 
radiation  and  another  with  the  box  filled  with  Pb  so  that  it  was  thick 
with  respect  to  gamma  radiation.  The  shielded  box  was  symmetrically 
placed  in  the  AURORA  test  cell,  elevated  so  that  the  center  of  the  upper 
chamber  (and  the  suspended  inner  aluminum  box)  was  on  the  axis  of  the 
AURORA  radiation.  In  this  configuration,  the  front  was  exposed  to  a 
toted,  dose  of  approximately  700  rads  (Si) . The  "open-circuit"  voltage 
and  short-circuit  current  were  measured  on  the  inner  box.  In  addition, 
Rogowski  coils  (to  measure  the  Compton  current)  and  Moebius  loops  (to 
measure  the  magnetic  field)  were  placed  at  various  locations  within  the 
upper  chamber. 

Although  it  may  sometimes  be  assumed  so,  the  AURORA  Facility's 
"hot  spot"  is  not  a point  source  of  radiation.  A more  reasonable 
assumption  is  that  it  is  a disk  source  of  some  effective  area.  To 
determine  this  area,  an  experiment  was  designed  by  using 
thermoluminescent  dosimeters  (TLD's)  placed  in  holes  drilled  through 
various  thicknesses  of  Pb  bricks.  By  measuring  the  dose  and  dose  rates 
at  the  same  distance  from  the  source  with  0,  5.08,  and  10.16  cm  of 
collimation,  the  effective  area  of  the  sour  :e  can  be  calculated  directly 
by  geometrical  considerations. 

Data  obtained  during  the  December  test  contributed  to  some  of 
the  significant  conclusions  that  were  drawn  based  on  the  consideration 
of  the  total  FY76  effort.  Notable  examples  are  the  decision  to  abandon 
the  Compton  diode  for  AURORA  application  and  efforts  to  continue  to 
develop  a high- impedance  voltage  measurement  method.  Also,  this  test 
impacted  plans  for  the  March  test  by  indicating  the  need  for  more 
shielding  around  the  cathode  follower  and  the  need  for  a better  method 
of  measuring  the  Compton  current. 
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Figure  4.  Concentric  box  test  geometry. 


2.2  March  Test 

During  March  and  April  1976,  a series  of  tests  was  conducted  at 
the  AURORA  Facility  to  experimentally  investigate  several  matters 
concerning  the  electromagnetic  environment  generated  within  the  tactical 
source  region.  These  tests  provided  information  within  all  four  general 
research  areas t coupling,  instrumentation,  basic  phenomena,  and 
simulation.  In  the  coupling  area,  a series  of  measurements  was  made  to 
determine  current  and  voltage  responses  of  simple  structures  exposed  to 
ionizing  radiation.  In  the  instrumentation  area,  data  were  obtained 
from  instruments  designed  to  measure  Compton  current,  electric  (E-) 
field,  and  voltage.  In  the  basic  phenomena  area,  air  chemistry  was 
addressed  by  measuring  the  effect  of  the  charge-depletion  boundary 
layer.  Finally,  the  feasibility  of  certain  simulation  schemes  was 
investigated  by  considering  the  charging  of  gamma-thick  objects  in  the 
radiation  environment  and  the  resulting  E-field. 

The  concentric-cylinder  geometry  in  figure  5 was  exposed  to  the 
AURORA  radiation  pulse,  and  the  currents  and  fields  in  the  medium 
between  the  cylinders  were  measured  at  various  locations.  Also,  the 
current  on  the  inner  cylinder  was  measured  by  splitting  the  cylinder  and 
connecting  the  sections  with  parallel  resistors,  forcing  the  axial 
current  to  be  shared  by  the  resistors.  The  current  through  one  of  the 
resistors  was  measured  and,  from  that,  the  total  axial  current  flowing 
on  the  inner  cylinder  could  be  inferred. 


The  validity  of  this  inference  was  demonstrated  via  laboratory 
bench  tests  in  which  the  inner  cylinder  was  driven  with  a current  source 
as  shown  in  figure  6.  The  total  current  was  monitored  between  the 
pulser  and  the  inner  cylinder  (location  A) , and  so  was  the  partitioned 
current  flowing  in  each  of  the  parallel  resistors  inserted  in  the  inner 
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Figure  5.  Concentric  cylinder  test  geometry 


PULSED  CURRENT 
SOURCE 


cylinder  (location  B) . Comparison  of  measurements  at  locations  A and  B 
shoved  that  the  total  axial  current  flowing  on  the  inner  cylinder  was 
indeed  the  appropriate  multiple  of  the  current  measured  through  one  of 
the  resistors. 


The  concentric-cylinder  geometry  was  selected  because  it 
represented  a symmetrical  configuration  within  which  the  fields  and 
currents  could  be  readily  calculated  everywhere  for  a symmetrical 


excitation.  Also,  the  outer  cylinder  served  as  an  rf  shield  against 
external  electromagnetic  interference  and  as  a containment  vessel  for 
the  various  media  (dry  air,  M2  vacuum,  SF6)  under  consideration.  The 
data  were  compared  with  the  calculated  response  of  the  dinner  cylinder 
obtained  by  using  am  assumed  radiation  distribution  as  input  for  the 
SAPSC  computer  code. 


Several  instruments  were  designed  and  deployed  for  this 
experiment : two  one-turn  Rogowski  coils  (to  measure  Compton  current),  a 
cathode  follower,  a special  voltage  probe  (to  sake  high- impedance 
voltage  measurements) , an  emitter-follower  circuit,  and  an  E-field 
sensor  (used  by  Denis  Whittaker  of  HDL  to  measure  the  E-field) . 


The  one-turn  Rogowski  coil  (fig.  7)  consists  of  a thin  aluminum 
cylindrical  outer  container  with  a balanced  output  located  at  the  center 
of  the  axis.  The  sensor  is  orientated  so  that  the  desired  current 
component  passes  through  the  sensor  parallel  to  the  axis.  The  resulting 
magnetic  (H-)  field  induces  a current  in  the  container  and  results  in  a 
voltage  developed  across  the  output;  this  voltage  is  proportional  to  the 
volume  of  the  sensor  and  the  time  derivative  of  the  Compton  current. 
For  this  experiment,  two  sensors  were  constructed  with  volumes  of 
5 x io-2  and  6 x io-3  m3. 


The  cathode  follower,  which  had  been  used  in  the  December  test, 
was  used  again,  except  that  considerably  more  radiation  protection  was 
provided  in  March.  It  was  thought  that  this  extra  protection  would 
minimize  the  transient-radiation  effects  on  electronics  (TREE)  on  the 
circuit  components  and  that  the  device  would  operate  as  designed.  The 
voltage  to  be  measured  was  that  generated  on  a Pb  pig  (a  block  of  Pb) , 
floating  coaxially  within  a large  outer  cylinder  (the  same  cylinder  used 
for  the  coupling  experiments) . 


Tektronix  voltage  probes  and 
specialized  compensated  voltage  divider 
networks  were  used  to  drive  the  cathode 
follower,  and  the  response  was  recorded 
on  oscilloscopes  in  the  data  room. 


Also,  an  emitter-follower  cir- 
cuit was  used  as  an  impedance  matching 
driver  in  the  same  experimental  config- 
uration as  that  with  the  cathode  fol- 
lower. Further  attempts  to  measure  the 
voltage  were  made  via  a method  suggested 
by  Victor  Van  Lint  (MRC)  whereby  a se- 
riss  of  short-circuit  and  low-resistance 
current  measurements  was  made,  and  the 
open-circuit  voltage  was  inferred  from 
the  results. 


One-turn  Rogowski 
coil  ( J sensor) . 


Finally,  during  successive  shots,  an  E-field  sensor  ms  placed 
at  various  locations  near  the  floating  pig,  and  the  measured  E-field  was 
recorded.  From  these  measurements,  the  total  E-field,  as  a function  of 
distance  from  the  floating  pig,  could  be  determined  and,  from  that,  the 
voltage. 

The  third  area  of  investigation  concerns  the  basic  phenomena 
and  air  chemistry  associated  with  the  source-region  environment.  For 
some  time,  certain  air-chemistry  parameters  have  been  somewhat 
inadequately  determined.  Notable  is  the  electron  attachment  rate  in 
moist  air.  Data  from  a variety  of  investigations  and  compiled  by 
Longley  and  Longmire*  indicate  that  there  is  a major  fluctuation  in  this 
parameter  over  the  range  of  fields  and  pressures  of  interest  for  EMP. 
By  these  data,  though,  the  measurements  of  electromagnetic  environments 
resulting  from  nuclear  tests  do  not  agree  well  with  the  corresponding 
calculations  (Conrad  L.  Longmire,  MRC,  private  communication). 

Consequently,  it  is  desirable  to  obtain  controlled  experimental 
data  from  which  the  attachment  rate  can  be  reliably  derived.  To  get 
these  data,  a "pie-pan-  sensor  was  designed  in  collaboration  with 
Longmire.  The  basic  design  (fig.  8)  consists  of  a thin  center  plate 
which  can  be  charged  with  an  external  power  supply  and  capacitor 
.network.  The  current  discharged  by  the  capacitor  can  be  related  to  the 
phenomena  which  . occur  between  the  plates  of  the  sensor  when  it  is 
exposed  to  ionizing  radiation.  Attachment  rates,  recombination  rates, 
conductivity,  and  the  charge-depletion  boundary  layer  can  be  studied  in 
various  gases  by  using  this  experimental  setup.  For  this  series  of 
tests,  two  sensors  were  constructed,  one  with  a plate  separation  of 
2.54  cm  and  one  with  a plate  separation  of  5.08  cm. 

Although  all  of  the  experiments  conducted  during  this  test 
series  had  some  relation  to  tactical  source-region  simulation,  the 
floating  pig  experiments  provided  direct  insight  into  one  of  the  field 
enhancement  methods  under  active  consideration.  Gaimna  radiation  and 
Compton  currents  build  up  the  charge  on  conducting  bodies  which  are 
thick  to  the  incident  ionizing  radiation.  This  charge  buildup  results 
in  an  E-field  which,  perhaps,  could  be  appropriately  tailored  to 
complement  E-fields  due  to  other  mechanisms  in  a reasonable  simulation 
of  worst -case  environments. 

In  the  context  of  a long-term  program,  the  March  test  was  not 
meant  to  stand  alone,  but  rather  wa«  designed  to  clear  up  some  previous 
uncertainties  and  to  begin  investigation  into  some  new  areas.  Examples 
are  the  current  measurements  on  the  truncated  cylinder  and  the 
boundary-layer  oriented  pie-pan  measurements.  In  general,  the  results 
of  the  March  test  contributed  to  a variety  of  areas. 

*H.  J.  Longley  and  C.  Longmire,  Electron  Mobility  and  Attachment  Rate 
in  Moist  Air,  Mission  Research  Corp.  MRC-N-222  (12  December  1975). 


Conrad  Longmire  and  William  Crevier  of  MAC  wrote  four  AURORA 
Meatorandums  in  FV76t  General  Considerations  on  the  Use  of  AURORA  for 
Simulating  BMP  Coupling,  Soma  Physics  Experiments  for  AURORA,  A Simple 
Analysis  of  the  Blue  Cylinder  Experiment,  and  AURORA  Boundary  Layer 
Experiments.  These  AURORA  Memorandums,  along  with  Direct  Interaction 
Effects  in  EMP, 2 form  a collection  of  material  that  is  a great  help  in 
understanding  the  possible  uses  of  the  AURORA  Facility  in  source-region 
coupling  experiments  related  to  tactical  situations  of  interest. 
Figure  9 shows  an  early  example  of  a relatively  simple  AURORA 
modification,  suggested  by  Longmire,  that  would  convert  the  AURORA 
Facility  into  a partial  simulator  of  the  tactical  source-region  EMP. 
Longmire 1 s modification  would  not  provide  an  exact  simulation  of 
source-region  EMP,  but  many  of  the  Important  electromagnetic  features  of 
the  source  region  would  be  partially  simulated. 


Early  in  FY76,  a contract  was  let  to  Science  Applications,  Inc. 
(SAI) , to  develop  two  computer  codes  and  to  provide  the  Government  with 
a user's  manual  for  these  codes.  Both  of  these  codes  solve  Maxwell's 
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Figure  9.  Possible  simulation  scheme. 

ZC.  L.  Longmire,  Direct  Interaction  effect  in  BMP,  Air  Force  Weapons 
Laboratory,  BMP  Interaction  Mote  69  (November  1973) . 
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aquations  in  cylindrical  coordinates , and  both  can  analyze  concentric 
cylinder  geometries  irradiated  at  the  AURORA  Facility.  These  codes 
provide  the  following  types  of  output t electromagnetic  fields, 
conductivities,  and  Compton  currents  in  the  region  between  the  cylinders 
and  the  current  coupled  to  the  inner  cylinder  or  the  voltage  generated 
between  the  outer  cylinder  and  an  electrically  isolated  inner  body. 

One  of  the  codes  uses  a standard  explicit  finite-dif ference 
scheme  to  solve  Maxwell's  equations.  It  can  treat  the  source  electrons 
either  self-consistently  or  non-self-consistently , allowing  one  to 
determine  whether  or  not  a self-consistent  treatment  is  necessary  for 
the  analysis  of  AURORA  experimental  results.  In  addition,  the 
self-consistent  treatment  will  allow  the  code  to  operate  for  actual 
tactical  source-region  BMP  environments  if  the  effects  of  low-energy 
electrons  can  be  neglected. 

The  other  code  uses  an  implicit  finite  difference  scheme  to 
solve  Maxwell's  equations.  It  can  treat  standard  concentric  cylinder 
geometries,  and,  in  addition,  configurations  in  which  the  cylinders  are 
connected  by  lumped  circuit  elements  (resistance,  inductance, 
capacitance) . 

In  addition  to  the  computer  codes,  SAI  will  provide  the  results 
of  four  sample  problems  of  HDL's  choosing  with  the  electron  transport 
calculations  used  for  each. 

During  FY76,  work  on  the  Maxwell  equation  equivalent  circuit 
(MSEC)  code  progressed  under  contract  with  Intelcom  Rad  Tech  (IRT) , 
technically  directed  by  Thomas  Tumolillo  of  JAYCOR.  The  code  is  being 
developed  for  simulation  studies  and  solves  the  Maxwell  equations  in 
rectangular  Cartesian  coordinates  (by  finite  difference  techniques)  in  a 
volume  of  air  (or  other  gas)  excited  by  Compton  electrons  in  the 
presence  of  associated  time-varying  air  conductivity. 

The  MEEC  code  is  in  the  final  phase  of  programming  and 
debugging;  that  is,  modification  of  the  vacuum  system  generated  EMP 
(SGEMP)  version  of  the  MEEC  code  to  handle  source-region  effects  of  an 
ionized  gas  (typically  air)  is  essentially  complete.  A flexible  input 
language  has  been  defined  and  coded  in  FORTRAN.  The  input  language 
allows  convenient  access  to  all  essential  parameters  entering  the 
calculations.  The  coding  associated  with  the  calculation  of  air 
conductivity  and  the  self-consistent  tracking  of  source  electrons  (one 
available  option)  is  complete . it  is  anticipated  that  the  complexity  of 
the  entire  modification  of  the  MEEC  code  will  require  extensive  and 
thorough  testing  and  evaluation.  In  FY77,  available  AURORA  experimental 
data  will  be  compared  with  MEEC  calculations. 
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2.5  Environment  Coda  NEMP 


The  Army  has  sponsored  the  development  of  the  NEMP  computer 
code  system/  principally  by  Longley  and  Longmire,  for  prediction  of  EMP 
environments  due  to  near-surface  air  bursts.  After  several  years  of 
effort,  the  code  system  (consisting  of  six  codes  run  in  sequence)  is  in 
a limited  production  status.  The  code  system  has  been  run  to  times  of 
5 ms  by  personnel  of  HDL  using  a rough  EMP  source  package  for  a 200-m 
height  of  burst.  Some  further  work  will  be  done  by  MRC  in  FY77  to 
verify  the  correctness  of  the  computed  fields  and  to  examine  fields 
extrapolated  outside  the  source  region. 

The  Army  has  sponsored  also  Monte  Carlo  transport  studies  ty 
M.  0.  Cohen  of  the  Mathematical  Applications  Group,  Inc.  (MAGI),  to 
obtain  predictions  of  EMP  sources  due  to  neutron-induced  secondary  gamma 
rays  for  burst  heights  of  50  and  100  m.  These  predictions  are  of  a 
higher  quality  than  heretofore  available,  especially  near  the  air-ground 
interface.  Additional  studies  by  MAGI  of  more  general  neutron  spectra 
are  planned  for  FY77. 

Meanwhile,  HDL  is  developing  a NEMP  output  graphics  code  and  is 
performing  analytic  curve  fitting  of  the  MAGI  transport  results  for 
inclusion  in  the  NEMP  code  system.  Also,  HDL  has  brought  the  NEMP 
system  to  a production  status  on  the  HDL  computer , an  IBM  370/168 
system,  in  addition  to  the  Control  Data  Corp.  (CDC)  7600  system  on  which 
the  NEMP  code  was  developed. 

2.6  Interaction  and  Coupling  Analyses  of  Lance  Missile  System  and 

AN/GRC-106  Radio  System 

The  EMP  survivability  criteria  for  tactical  endoatmospheric 
nuclear  threats  differ  significantly  from  those  for  exoatmospheric 
threats  because  of  several  factors: 

a.  The  presence  of  ionizing  radiation,  Compton  current 
density,  and  time-varying  conductivity  for  endoatmospheric  threats 

b.  The  "near-zone"  character  of  the  electromagnetic  field 
for  endoatmospheric  threats  as  opposed  to  the  radiated  plane  wave 
character  for  exoatmospheric  threats 

c.  Relatively  large  field  strengths  of  certain  components  at 
times  beyond  1 us  or  so  for  endoatmospheric  threats. 

Furthermore,  from  preliminary  analyses  of  isolated  interaction 
and  coupling  mechanisms,  it  can  be  argued  that  these  differences  between 
EMP  survivability  criteria  for  exoatmospheric  and  tactical 
endoatmospheric  nuclear  threats  can  lead  to  significantly  different 
interaction  and  coupling  phenomena. 
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Going  one  step  further,  some  voids  can  be  identified  in  the 
existing  technology  base— that  is,  technology  developed  specifically  for 
tactical  endoatmo spheric  threats,  technology  developed  for  strategic 
endoatmoapheric  threats  and  applicable  also  to  tactical  situations,  and 
technology  developed  for  exoataospheric  threats  and  easily  modified  to 
account  for  certain  "weak"  source-region  effects.  These  voids  can  be 
identified  through  vulnerability  assessments  of  actual  tactical  systems; 
these  assessments  are  attempted  in  sufficient  detail  to  illuminate  such 
technology  voids.  The  interaction  and  coupling  analyses  of  the  Lance 
Missile  System  and  the  AN/GRC-106  Radio  System  were  performed, 
therefore,  according  to  the  following  approach; 

a.  Define  principal  response  mechanisms  and  critical 
circuits  for  both  systems  with  respect  to  the  tactical  source-region 
environmental  factors  listed  in  the  first  paragraph  of  this  section. 

b.  Develop  worst-case  idealized  representations  of  principal 
response  mechanisms,  and  define  the  state-of-the-art  theoretical  methods 
which  can  be  applied  with  the  most  confidence  in  the  system  analyses. 

c.  Predict  responses  of  principal  interaction  and  coupling 
mechanisms  and  the  corresponding  source  impedances  which  are  necessary 
to  assess  susceptibilities  of  critical  circuits  to  damage. 

d.  Develop  techniques  and  design  tests  which  will  provide 
experimental  verification  of  these  theoretical  predictions;  consider 
underground  nuclear  tests,  flash  x-ray  machines,  electron-beam  machines, 
and  current  injectors. 

e.  Identify  voids  in  existing  theoretical  and  experimental 
technology  which  seriously  impede  meaningful  susceptibility  and 
vulnerability  assessments. 

The  interaction  and  coupling  analyses  of  the  Lance  Missile 
System  and  the  AN/GRC-106  Radio  System  were  conducted  under  an 
Army-sponsored  contract. 3 > 4 Four  types  of  excitation  of  each  system 
were  considered; 

a.  Electromagnetic  excitation  (electromagnetic  field  and 
transient  air  conductivity)  of  external  cables  and  antennas 

b.  photon  excitation  of  external  cables 

3J?.  A.  Persia  et  al.  Coupling  Calculations  for  the  LANCE  Missile 
System  in  a Tactical  Nuclear  Environment  (U) , Mission  Research  Corp. 
Report  NO.  AMRC-TR-7 6457  (March  1976) . (SECRET  RESTRICTED  DATA) . 

4X.  A.  Persia  et  al,  Close-in  Coupling  Analysis  of  the  AN/GRC-106 
Radio  System  (U) , Mission  Research  Corp.  Report  No.  AMRC-IR-76458  (’March 
1976) . (SECRET) 


c.  Electromagnetic  excitation  of  internal  cables  due  to 
internal  EMP  (IEMP) 

d.  Electromagnetic  excitation  of  internal  cables  due  to 
apertures  in  enclosures 

The  contractor' 8 results  from  the  interaction  and  -coupling 
analyses  of  the  Lance  Missile  System  and  the  AN/GRC-106  Radio  System 
have  been  used  at  HDL  to  assess  the  susceptibility  of  critical  circuits 
to  damage.2 * * 5 

3.  TECHNICAL  MILESTONES 

Throughout  FY76,  technical  efforts  were  directed  toward  specific 
goals  outlined  in  section  1.  Significant  progress  has  been  made  and,  as 
a result,  some  definitive  statements  can  be  made  in  several  technical 
areas.  These  areas  include  boundary-layer  phenomena,  Compton  current 
measurements.  E-field  measurements,  voltage  measurements,  and 
gamma-thick  charging  phenomena. 

Axis  section  does  not  completely  describe  all  of  the  technical  work 
undertaken  during  FY76,  but  discusses  only  those  topics  about  which  some 
conclusions  or  significant  results  have  been  obtained. 

3.1  Boundary-Layer  Conclusions  and  Results 

Longmire2  and  Baum6  considered  the  development  of  an  electron 
depletion  layer  between  a negatively  charged  conductor  and  a collision 
dominated  plasma.  As  shown  in  figure  10,  when  a metallic  electric 
oonductor  is  negatively  charged,  the  resulting  E-field  is  in  a direction 
to  remove  electrons  from  the  metal  surface?  however,  no  electrons  are 
removed  from  the  metal  surface.  Electrons  cannot  be  emitted  because  the 
E-field  ("E"  in  fig.  10)  is  not  large  enough  to  produce  high-field 
amission,  a phenomenon  that  occurs  only  at  extremely  high  E-field 
intensities.  To  be  specific,  experimentally  it  has  been  found  and 
theoretically  it  may  be  shown  that  the  high-field  emission  current 
density,  is  given  by 

Jhf  " 0x2  ®J£P<”K/E>  / 


2C.  L.  Longmire,  Direct  Interaction  Effect  in  EMP,  Air  Force  Weapons 
Laboratory,  EMP  Interaction  Note  69  (November  1973). 

5 Daniel  L.  Goodwin,  The  LANCE  Electromagnetic  Pulse  (EMP) 

Assessment — Endoatmospheric  Threat  (U) , Harry  Diamond  Laboratories 

TM-77-14  (October  1977).  (CONFIDENTIAL) 

6C.  E.  Baum,  Radiation  and  Conductivity  Constraints  on  the  Design  of 
a Dipole  Electric  Field  Sensor,  Air  Force  Weapons  Laboratory  EKP  Sensor 
and  Simulation  Note  IS  (June  1970 ) . 
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where,  for  a tungsten  emitter,  the  constants  C and  K sure  given  by 

C = 1.26  x 105  A/V2  , 

K “ 2.76  x io10  v/m  . 

At  10 6 V/m, 


Jhf  - 1.26  x 105  x 1012  exp (-2. 76  x 104) 

« 0 . 


(1) 


The  foregoing  equation  holds  only  for  perfectly  clew  flat 
surfaces.  Microscopic  irregularities  can  cause  extremely  high  local 
E-fields  which  can  sometimes  cause  enough  current  to  produce  local  hot 
spots.  Thermionic  emission  can  then  occur.  One  of  the  reasons  for 
conducting  the  pie-pan  experiments  is  to  see  if  electron  emission  does 
or  does  not  occur  by  some  such  mechanism.  If  electron  emission  does  not 
occur,  a region  of  positive  ions  results.  As  indicated  in  figure  10,  a 
rather  intense  E-field  connects  these  positive  ions  with  the  electrons 
in  the  metal. 
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Figure  10.  Model  of  boundary  layer. 


Consider  the  situation  when  the  sensor  shown  in  figure  11  is 
filled  with  N2  gas  and  subjected  to  am  AURORA  radiation  pulse.  If  one 
neglects  the  boundary  layer  and  applies  conventional  wisdom,  current 
should  flow  through  the  chamber  as  long  as  the  N2  gas  remains  ionized. 


By  using  accepted  electron-positive 


ion  recombination  rates,  the  N, 


gas  should  remain  ionized  much  longer  (milliseconds)  than  the  duration 
of  the  AURORA  pulse  (300  ns). 


When  the  chamber  was  subjected  to  the  AURORA  ionizing  radiation 
pulse,  current  flowed  through  the  chamber  only  for  a time  approximately 
equal  to  the  duration  of  the  AURORA  pulse.  The  short  duration  of  the 
current  pulse  is  consistent  with  the  formation  of  an  electron  depletion 
region  or  boundary  layer  at  the  center  of  the  negatively  charged 
electrode.  If  there  were  no  boundary  layer  formed  at  the  inner 
conductor,  current  would  flow  for  times  up  to  milliseconds,  that  is, 
until  all  the  electrons  recombined  with  the  positive  nitrogen  ions. 


Figure  11.  Pie-pan  sensor. 

Crevier  and  Longmire  (MRC , unpublished  data)  have  developed  a 
quantitative  theory  to  explain  the  behavior  of  the  sensor  when  subjected 
to  the  AURORA  pulse.  Essentially,  the  current  that  flows  through  the 
sensor  is  set  equal  to 


i (t)  = a (t)E (t) A , 


where  i(t)  is  the  current,  o(t)  is  the  ionized  gas  conductivity,  E(t)  is 
the  E-field  outside  of  the  plasma  boundary  layer,  and  A is  the  area  of 
the  plate . Then 
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The  fraction  6/D  is  much  less  than  1,  so 
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Equation  (3)  then  becomes 
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where  the  electron  mobility  is  given  by 

p = 7.33  x 105  E-*3 

for  0.1  < E < 10  electrostatic  units.  One  can  insert  the  proper  N2  gas 
chemistry  to  obtain  the  results  shown  in  figure  12. 

The  pie-pan  sensor  has  been  used  to  study  the  conductivity  and 
boundary-layer  effects  in  a number  of  pure  gases  and  mixtures  of  gases 
for  E-fields  up  to  80,000  V/m.  The  gases  studied  have  been  dry  air,  N2, 
02»  SF 6 , and,  finally,  "humid"  air  with  humidities  ranging  from  0 to 
100  percent  at  36°C. 


When  a specific  gas  was  studied  at  a specific  dose  level, 
current  pulse  measurements  corresponded  to  2000,  1000,  300,  100,  and 
10  V applied  to  the  sensor. 

The  experimental  technique  used  in  obtaining  the  100-percent 
saturated  humid  air  (at  temperature  T)  was  to  bubble  dry  air  through  two 
flasks  in  series  containing  water  at  temperature  T.  The  pipes,  hoses, 
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TENS  OF  AMPERES 


13.97cm 


Pie-pan  model  (used  in  W.  Crevier  and  C 
calculation.  Mission  Research  Corp.). 


and  pie  pan  were  kept  at  a temperature  about  5°  to  10*c  hotter  than  the 
water.  The  setup  is  depicted  in  figure  13.  Since  the  sensor  was  at  a 
temperature  greater  than  T,  water  did  not  precipitate  in  the  sensor. 
Figure  14  shows  a schematic  drawing  of  the  experimental  setup  during  an 
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Pigure  13.  Method  of  filling  pie-pan  sensor  with  humid  air 
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Method  of  preventing  H20  precipitation  if  humid  air  is 
100-percent  saturated  at  tenperature  T and  sensor  is 
heated  to  tenperature  T , where  T 2 T + 5°C. 


Figure  14 
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The  dry-air  and  N2  experimental  data  have  been  reduced,  and 
sample  comparisons  between  the  theoretical  responses  and  the  measured 
data  are  given  in  figure  15.  The  O2,  SFg,  and  humid-air  data  have  not 
yet  been  corrected  for  cable  losses,  etc.  However,  the  conductivity  of 
the  100-percent  humid  air  at  50°C  is  about  4.5  times  less  than  that  of 
dry  air. 
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Figure  15.  Pie-pan  response:  (a)  dry  air  and  (b)  nitrogen  (bias:  1000  V) 


pton  Current  Measurement 


One  of  the  stated  goals  of  the  FY76  experimental  effort  was  to 
measure  the  "free"  electromagnetic  environment  in  the  AURORA  test  cell 
during  the  radiation  pulse.  One  important  parameter  to  be  considered 
was  the  Compton  current.  Several  different  instruments  were  considered, 
and  data  were  obtained  by  using  each.  These  included  the  Compton  diode 
(which  has  been  used  extensively  for  underground  tests) , the  Rogowski 
coil  type  of  current  probe  (both  in  a special  collimated  configuration 
and  as  an  off-the-shelf  item) , and  the  one-turn  Rogowski  coil. 
Measurements  were  made  during  the  December  and  March  AURORA  tests,  and 
the  significant  results  were  compiled  for  all  of  the  data. 

The  Compton  diode,  although  it  has  been  demonstrated  to  be  a 
powerful  experimental  tool,  has  two  inherent  problems.  One  is  that,  to 
be  sensitive  to  small  current  densities,  it  must  be  large.  Another  is 


that  it  collects  current  indiscriminately  and  must  be  collimated  and 
shielded  if  one  is  to  determine  the  vector  current  density  at  any 
location.  These  two  problems  act  in  opposition.  Experience  during  FY76 
indicated  that  these  problems  would  be  extremely  difficult  to  solve. 
The  Compton  diode  with  which  data  were  taken  was  designed  so  that  a 
reasonable  signal  should  be  obtained  while  size  and  shielding  were  kept 
to  a minimum.  The  reason  for  this  size  restriction  was  that  once  a 
reliable  means  of  measuring  Compton  current  was  determined,  the  AURORA 
test  cell  would  be  mapped.  The  sensor,  therefore,  had  to  be  small  and 
portable  to  map  the  test  cell.  The  initial  data  obtained  by  using  the 
sensor  showed  signals  which  were  buried  in  the  noise.  Attempts  to 
increase  the  sensitivity  of  the  sensor  by  changing  the  resistance 
divider  in  the  output  failed  to  produce  reasonable  results.  The  total 
dose  on  the  front  of  the  sensor  (measured  by  using  TLD's)  indicated  that 
adequate  Compton  current  should  be  reaching  the  sensor,  but  the  cable 
noise  level  was  such  that  meaningful  results  could  not  be  obtained. 
Consequently,  either  (1)  considerable  effort  would  have  to  be  undertaken 
to  increase  the  sensitivity  or  reduce  the  noise  or  (2)  the  general 
approach  could  be  abandoned  for  the  time  being  in  favor  of  pursuing 
other  concepts.  The  latter  pursuit  was  chosen. 


The  Compton  current  was  measured  also  by  using  ADELCO  current 
probes  of  4.3-cm  diameter.  Reasonable  measurements  of  the  Compton 
current  could  be  made  inside  the  concentric  cylinder  geometry  (where  the 
probe  was  afforded  considerable  rf  shielding) , but  in  the  AURORA  test 
cell  itself,  results  were  inconsistent.  As  with  the  Compton  diode, 
coll  imat ion  is  required  to  measure  one  vector  component  of  the  current 
density  at  a location.  When  the  collimator  was  used  during  the  December 
test,  the  signed,  was  reduced  to  the  level  that  noise  problems  were 
overwhelming.  When  the  collimator  was  removed  during  the  December  test, 
however,  the  measurements  were  within  20  percent  of  the  predicted 
values.  Unfortunately,  the  measured  values  were  neither  consistently 
greater  nor  less  than  the  predicted  values,  and  during  the  Much  test 
there  was  little  correlation  between  the  theoretical  and  the 
experimental  values.  This  lack  of  correlation  may  be  due  to  the  fact 
that  the  ADELCO  probes  measure  the  total  current  (not  just  the  Compton 
current)  passing  through  them,  and  the  Compton  current  could  not  be 
separated  from  the  conduction  current.  Enclosing  the  current  probe  with 
an  aluminum  can  filled  with  SFg  would  prevent  conduction  current  from 
passing  through  the  current  probe  and  might  allow  a successful  Compton 
current  measurement  with  this  type  of  probe.  Also,  varying  the 
thickness  of  the  can  could  provide  information  concerning  the  energy 
spectrum  of  the  electrons  produced  in  the  AURORA  test  cell.  During  the 
March  test,  a larger  ADELCO  probe  (13.3-cm  diameter)  was  used,  but 
measurements  were  not  successful  more  than  2 m from  the  hot  spot. 


Longmire  suggested  (unpublished)  the  one-turn  Rogowski  coil  as 
a means  of  measuring  the  Compton  current.  Further  refinements  in  the 
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original  design  resulted  in  a sensor  that  measured  the  Compton  current 
with  no  requirement  for  collimation.  in  addition,  the  differential 
output  Minimised  the  noise  problems.  Two  Models  of  the  sensor  were 
constructed  and  used  during  the  March  test.  Date  were  taken  by  using 
the  snail  sensor  over  a range  of  dose  rates  from  10 9 to 
10  11  rads  (Si)/s,  but  the  sensor  response  was  not  as  predicted.  Careful 
consideration  of  the  data  indicated  that  the  sensor  was  not  sensitive 
enough,  considering  the  noise  levels,  for  AURORA  application.  The 
larger  sensor  provided  reasonable  results  over  that  dose  rate  range. 
Peak  amplitudes  of  the  integrated  reduced  data  compared  favorably  with 
the  predicted  peak  Compton  current  density  of  J * -2  * 10" 8 ft  A/m2 , where 
ft  is  the  dose  rate  in  rads  (Si) /second  (fig.  16) . Comparison  of  the 
integrated  pulse  shape  with  the  AURORA  radiation  pulse  (appropriately 
scaled)  (fig.  17)  is  similarly  good.  The  discrepancies  between  the 
measured  and  predicted  data  seem  to  be  most  prominent  in  the  lower 
radiation  region  indicating  that  109  rads  (Si)/s  is  probably  the  lower 
limit  of  the  response  range  of  the  sensor.  Since  the  response  of  the 
sensor  is  proportional  to  its  volume,  use  of  a larger  sensor  should 
extend  the  range  over  which  measurements  can  be  valid. 
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Figure  17.  Compton- current  time  history 


In  conclusion,  use  of  the  one-turn  Rogowski  coil  sensor  seems 
the  most  adequate  method  of  measuring  the  Compton  current  in  the  AURORA 
test  cell.  In  the  future,  a larger,  more  sensitive  model  will  be 
constructed.  By  its  use,  the  Compton  current  special  distribution 
within  the  AURORA  test  cell  can  be  fully  characterized. 


3.3  Electric -Field  Sensor 


The  measurement  of  the  E-field  in  a medium  that  has  a 
time-varying  conductivity,  such  as  the  ionized  air  present  in  the  AURORA 
test  cell,  has  proved  to  be  difficult.  Consider  a parallel  plate  sensor 
(with  plates  separated  a distance  d)  that  is  placed  with  the  plates 
perpendicular  to  the  E-field  (fig.  18).  Let  the  load  across  the  plates 
be  resistance  R 


Conservation  of  current  then  yields 


or  in  terms  of  the  voltage,  V,  across  R,  assuming  that  the  value  of  E is 
not  changed  by  the  presence  of  the  sensor. 


The  solution  of  this  differential  equation  is  given  by 


This  is  a rather  unwieldy  expression  and,  unfortunately,  it  is 
difficult  to  simplify  under  AURORA  conditions.  Specifically,  the  AURORA 
has  a rise  time  of  10“7  s,  but  z^/o  - 10"U/10“4  = 10“7  s,  and  so 
both  dv/dt  and  V significantly  contribute  to  the  determination  of  E. 

; Furthermore,  if  a boundary  layer  or  elec- 

I _.x*|  tron  depletion  layer  forms  between  the 

I ionised  air  and  the  negative  plate  of  the 

| sensor,  equations  (12)  and  (15)  can  be 

JL  / \ oversimplifications.  If  R can  be  made 

/ \ ‘it*  i large  enough  by  use  of  a high  input 

/ \ I impedance  cathode  or  emitter  follower,  the 

I \ ^ I plates  of  the  E-field  sensor  could  not 

||  / collect  charge,  and  the  boundary  layer 

l J j phenomena  would  be  kept  to  a minimum. 


Up  to  the  present,  a great  deal 
of  the  work  done  on  E-field  measurement  in 
the  presence  of  ionizing  radiation  has 
been  devoted  to  situations  involving  soft 
x rays.  Workers  have  gone  to  great 
efforts  to  reduce  the  photoelectric  inter- 


Figure  18.  Electric-field 
sensor . 
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action  between  the  E-sensor  plates  and  the  ambient  ionizing  radiation. 
To  reduce  the  possibility  of  electron  emission  by  the  photoelectric 
effect  or  by  the  Compton  effect,  screens  have  been  substituted  for  solid 
plates.  To  even  further  reduce  the  photoelectric  electron  emission,  the 
screens  have  been  constructed  of  light,  low-atomic -number  materials. 

The  substitution  of  screens  for  plates  does  certainly  reduce 
direct  electron  knockout  by  low-energy  bremsstrahlung  or  x rays,  but  the 
small  area  of  the  screen  plates  creates  another  severe  problem  by 
enhancing  the  boundary  layer.  The  boundary  layer  is  enhanced  by  screens 
or  grids  because  large  E-fields  can  build  up  around  the  small  wire  or 
sharp  corners  of  the  grid  plate. 


To  be  more  specific,  it 
the  boundary  layer  varies  as 


can  be  argued  that  tha  voltage  across 


Vfa  » 1/ (surface  area)2. 


(16) 


where  the  surface  area  refers  to  the  actual  electrically  dense  area  of 
the  grid.  Grids,  therefore,  may  increase  the  boundary  layer  problem. 
Thin  aluminum  or  copper  solid  foils  may,  therefore,  have  an  advantage 
over  grids  in  constructing  the  E-field  sensor  for  the  AURORA 
environment.'  Fortunately,  the  AURORA  bremsstrahlung  spectrum  is 
relatively  hard,  and  emission  of  photoelectrons  from  the  parallel  plates 
may  not  be  important . 

3.4  High-Impedance  Voltage  Measurements 

It  was  recognized  early  in  the  program  that  a successful  method 
of  making  a high-impedance  voltage  measurement  in  the  AURORA  radiation 
environment  would  have  wide  application  to  include  E-field  measurements, 
coupling  measurements,  and  system  response  measurements.  Initial 
investigation  showed  that  simple  resistance  divider  networks  were 
plagued  by  two  problems:  the  requirement  for  capacitive  compensation 
and  loss  of  signal  amplitude.  These  problems  exist  in  proportion  to  the 
impedance  over  which  one  attempts  to  measure;  the  higher  the  impedance, 
the  greater  the  signal  loss  and  requirement  for  compensation.  It  was 
indicated  that  these  problems  could  be  greatly  reduced  by  using  a 
cathode  follower  circuit  network,  which  has  a gain  of  somewhat  near 
unity,  but  can  match  high- impedance  loads  to  low-impedance  cables. 
Cathode-follower  circuits,  rather  than  emitter-follower  circuits,  were 
initially  chosen  because  tubes  are  generally  thought  to  be  less  troubled 
by  ionising  radiation  than  are  solid-state  components.7 

During  the  experiments  at  AURORA  during  FY76,  high-impedance 
voltage  measurements  were  made  by  using  cathode  followers:  one  method 
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'P.  A.  Trimmer,  Transient  Radiation  Effects  on  Basic 
Amplifiers,  Harry  Diamond  Laboratories  TR-1197  (April  1964). 
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used  a Tektronix  voltage  probe,  and  a second  method  used  a breadboard 
compensated  voltage  divider  network. 


Method  2 was  similar  to  method  1,  except  that  the  Tektronix 
voltage  probe  was  replaced  with  a breadboard  compensated  voltage  probe 
constructed  for  this  application.  As  with  method  1,  the  voltage  was 
sensed  by  the  probe  and  recorded  from  oscilloscopes. 

The  failure  of  method  2 to  provide  meaningful  data  was 
attributed  to  improper  compensation  of  the  voltage  probe , due  probably 
to  unaccounted-for  stray  capacitance  in  the  experimental  configuration. 


Victor  van  Lint  (MRC)  indicated  that  an  emitter  follower 
could  be  designed  which  could  work  in  the  radiation  environment. 
Subsequently,  an  emitter  follower,  built  to  his  specification,  was 
constructed,  but  the  results  obtained  by  using  it  seem  inconclusive. 

Also,  van  Lint  suggested  another  measurement  method  by  which 
the  open-circuit  voltage  can  be  determined  without  actually  being 
measured  directly.  The  method  requires  two  current  measurements,  first 
with  the  monitor  point  short-circuited  to  ground  and  then  with  the 
monitor  point  connected  to  ground  through  a variety  of  small  resistors. 
When  the  peak  currents  measured  are  plotted  as  a function  of  resistance, 
the  open-circuit  voltage  can  be  inferred.  This  method  was  tried,  but 
the  result  was  somewhat  different  from  that  predicted  by  Van  Lint.  The 
voltage  of  the  gauma-thick  Dody  in  the  experiments  may  have  been 
influenced  by  boundary-layer  effects  so  that  a determination  of  the 
open-circuit  voltage  would  require  additional  analysis. 

Measurements  of  high- impedance  voltage  in  the  AURORA 
radiation  environment  remain  inconclusive. 


f 
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3.5  Infraction  and  Coupling  Theory 
3.5.1  Rectangular  Configuration 

* 

In  the  December  test,  a simple  quasi-static  model  was  used  to 
predict  (1)  the  voltage  generated  between  the  inner  and  the  outer  boxes 
when  they  were  electrically  isolated  and  (2)  the  current  flowing  between 
the  inner  and  the  outer  boxes  when  they  were  connected  by  a wire. 
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For  the  voltage  calculations,  the  configuration  was  treated 
as  a capacitor  being  charged.  The  total  charge  flowing  between  the 
boxes  due  to  any  conductivity  in  the  region  between  the  boxes  was 
subtracted  from  the  total  charge  deposited  on  the  inner  box  due  to  the 
Compton  current.  The  resultant  charge,  Q,  was  used  in  the  equation  V = 
Q/C  to  obtain  the  voltage  generated  between  the  boxes.  Since  the 
voltage  measurements  were  unsuccessful,  no  comparisons  between  these 
calculations  and  actual  measurements  were  possible. 

For  the  current  calculations,  the  current  flowing  between  the 
boxes  was  assumed  to  be  due  entirely  to  the  Compton  current  intercepted 
by  the  inner  box,  and  electromagnetic  effects  were  neglected.  As  seen 
in  table  I,  the  results  of  these  calculations  reasonably  agree  with 
experimental  results  despite  the  fact  that  only  direct  interaction 
effects  were  considered.  These  calculations  jure  reasonably  accurate 
only  because  the  wire  connecting  the  inner  and  the  outer  boxes  was 
perpendicular  to  the  direction  of  the  Compton  current  flow.  If  this 
wire  had  been  in  the  same  direction  as  the  Compton  current,  the  H-field 
created  by  the  Compton  current  would  have  had  a significant  effect  on 
the  coupled  current  measured.  Thus,  simple  quasi-static  models  which 
consider  only  direct  interaction  effects  may  be  quite  useful  in 
understanding  certain  interaction  and  coupling  phenomena  observed  in 
AURORA  experiments. 


TABLE  I . PEAK  COUPLED  CURRENT 


Y 

(I09  rads  (Si )/s) 

Type 

Experimental 
current  (A) 

Theoretical 
current  (A) 

. 3.92 

Thick 

1 .26 

1 .82 

353 

Thick 

1 .28 

1 .63 

2.92 

Thin 

0.28 

0.32 

3.5.2  Concentric  Cylinders 

In  the  March  test,  the  computer  code  SAPSC  was  used  to 
predict  the  current  coupled  to  the  truncated  inner  cylinder.  This  code 
uses  a finite-difference  scheme  to  solve  Maxwell's  field  equation  in  a 
radiation  environment.  The  Compton  source  distribution  used  in  the 
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calculations  has  a spacial  and  an  angular  distribution  given  by 
(cos  0)/R2,  where  0 is  the  angle  between  the  path  of  a Compton  electron 
and  the  axis  of  the  concentric  cylinders,  and  R is  the  distance  to  the 
center  of  the  AURORA  hot  spot.  The  measured  data  and  the  output  of  this 
code  can  be  compared  in  figure  19.  Theory  and  experiment  disagree 
somewhat . Two  possible  improvements  in  the  theoretical  treatment  are 
(1)  the  use  of  more  accurate  Compton  source  distributions  and  (2)  the 
incorporation  of  boundary -layer  phenomena . The  POEM  output,  which  SAI 
is  under  contract  to  deliver  to  HDL,  should  provide  the  former 
improvement,  and  work  is  presently  being  done  on  the  latter  one. 


TIME  (s)  (xl(J9) 

Figure  19.  Total  axial  current  on  inner  cylinder. 


Direct  versus  Electromagnetic  Coupling  Mode  Dominance 


The  agreement  between  the  crude  quasi-static  calculation  of  the 
current  and  the  measured  current  in  the  concentric  box  experiment  may 
appear  trivial.  But  a calculation  that  is  based  on  a simple  equivalent 
circuit,  neglects  inductive  couplings,  and  yields  a reasonable  answer  is 
useful  in  the  estimation  of  tactical  source  region  coupling.  A purely 
capacitive  quasi-static  approach  to  the  estimation  of  the  measured 
current  is  valid  probably  because  the  wire  between  the  absorber  and  the 
wall  of  the  outer  cubic  chamber  is  essentially  perpendicular  to  both  the 
Compton  current  and  the  H-field  resulting  from  the  Compton  current. 
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The  amount  of  magnetic  energy  in  the  outer  box  is  appreciable, 
but  the  inductive  coupling  between  the  inner  gamma-thick  absorber  and 
the  H-field  is  very  small.  The  magnetic  energy  in  the  outer  container 
can  be  estimated.  The  inductance  per  unit  length  due  to  the  partial 
flux  linkages  within  a round  wire  can  be  shown  to  be 

L = vo/8it  , (17) 

where  is  the  permeability  of  free  space.  If  the  square  outer  box  is 
approximated  with  a round  box  of  equal  area,  the  inductance  of  the 
Compton  current  passing  through  the  box  is  given  by 

L = (V8lT)*  ' (18) 

where  l is  the  length  of  the  box  parallel  to  the  Comptcn  current.  One 
can  compare  the  magnitude  of  the  capacitive  energy  between  concentric 
boxes  and  the  magnetic  energy  in  the  outer  box.  That  is,  SCV2  can  be 
compared  with  ^LI  . The  Compton  current  through  the  box  is  I * JAq , 
where  J is  the  Compton  current  density,  and  A0  is  the  area  of  the  outer 
box. 


The  energy  found  is 

>iCV2  = 2.05  x 10  7 joules  , 

and 


(19) 


*jLI2  = 2.50  x 10-6  joules  . 


(20) 


In  other  words,  a significant  amount  of  energy  is  stored  in  the  H-field, 
but  the  energy  is  not  being  coupled  into  the  wire  between  the  concentric 
cubes. 


In  the  March  tests,  the  geometry  consisted  of  a cylindrical 
gamma-thick  absorber  inside  an  outer  cylinder.  The  absorber  was 
connected  by  wire  to  the  end  plate  (fig.  20) . The  resulting  current 
measurements  were  about  5 to  10  times  larger  than  those  calculated  with 
simple  quasi-static  models  that  neglect  inductance.  In  this  geometry, 
however,  the  wire  connecting  the  absorber  to  the  outside  container  was 
parallel  to  the  Compton  current.  Magnetic  flux  lines  encircled  this 
wire j magnetic  coupling  was  indeed  possible  and  important. 

Even  if  inductive  and  capacitive  interactions  could  be 
separated  only  in  ideal,  experimentally  controllable  geometries  (this 
limitation  is  not  obvious) , then  this  ability  would  greatly  simplify  the 
design  and  understanding  of  experiments.  When  considering  lumped 
element  equivalent  circuits  of  an  experimental  configuration,  it  is  much 
simpler  to  deal  with  resistors  and  capacitors  rather  than  with 
resistors,  capacitors,  inductors,  and  transformers.  If  the  lumped 
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Figure  20.  Inductive  coupling. 


parameters  in  the  equivalent  circuit  are  time  varying  and  nonlinear,  the 
difficulty  with  the  coupling  analysis  is  of  even  greater  significance. 

For  example,  Van  Lint  has  suggested  a simple  approach  to  the 
determination  of  the  voltages  of  the  electrically  free-floating 
gamma-thick  absorbers  (1)  Insert  different  values  of  resistance  between 
the  gamma-thick  absorber  and  the  outer  container.  (2)  Measure  the 
current  passing  through  the  resistance  between  the  absorber  and  the 
outer  chamber  when  the  concentric  configuration  is  subjected  to  an 
AURORA  pulse.  Neglecting  inductive  effects,  one  can  limit  the 


. Mi  i iHMM  in 


equivalent  circuit  to  a current  source  (the  intercepted  Compton  current) 
feeding  two  parallel  resistances , (1)  the  ionized  gas,  R , and  (2)  the 
inserted  resistance,  Rin.  In  short,  van  Lint's  suggestion  can  be  used 
without  complex  computer  codes.  If  the  intercepted  Compton  current  is 
given  by  ICompton-  then  Vfree  = RgasICompton  can  be  measured.  It  is 
easy  to  show  by  simple  ,circuit  theory  that  the  current  probe  measures 


I . = V,  / (r.  + R 

probe  free  \ in  g 


One  can  measure  I probe  and  Rin*  Therefore,  a number  of  measurements 
should  overdetermine  Rgas  and  vfree-  Actually,  since  Rgas  is  a 
time-varying  function  of  the  E-field,  analysis  is  more  complicated,  but 
not  as  complicated  as  if  one  had  to  consider  also  magnetic  effects. 


3 . 7 Data  Reduction 


The  following  procedure  is  used  to  analyze  the  data  taken 
during  AURORA  experimer.es:  The  oscilloscope  pictures  are  digitized,  and 
the  digitized  information  is  stored  on  a computer  disk  file.  This 
information  is  read  into  a program  which  plots  the  data.  The  plot  is 
compared  with  the  oscilloscope  picture,  and  any  needed  corrections  cure 
made  to  the  digitized  data.  The  digitized  information  is  then  read  off 
the  disk  file  by  a computer  code  (developed  at  HDL)  which 

(1)  numerically  transforms  the  digitized  data  into  the  frequency  domain, 

(2)  multiplies  the  frequency  domain  representation  by  the  appropriate 
transfer  function,  (3)  transforms  this  information  back  into  the  time 
domain,  (4)  multiplies  the  result  by  the  appropriate  sensor  response  and 
conversion  factors,  and  (5)  plots  the  resultant  information.  The 
plotted  information  represents  the  time  histories  of  the  actual  fields, 
currents,  etc.,  occurring  at  the  sensor  locations  during  the  AURORA 
tests,  not  merely  measured  voltage  at  the  oscilloscope.  These  plots  are 
then  compared  with  theoretical  predictions  of  test  results. 


The  transfer  function  used  in  the  computer  code  is  found 
experimentally.  The  sensor-cable-balun  system  used  to  make  a 
measurement  at  the  AURORA  Facility  is  reassembled  at  the  HDL  Woodbridge 
Research  Facility,  and  its  frequency  response  is  measured  with  a network 
analyzer  to  provide  the  transfer  function. 


3.8  Measurement  of  Electric  Field  Produced 
Floating  Pig 


Electrically 


One  of  the  reasons  for  performing  the  electrically  free 
floating  pig  experiments  is  to  investigate  the  possibility  of  cnarging  a 
gamma-thick  target  and  using  it  to  enhance  the  E-field  in  a given 
volume.  The  behavior  of  the  pig  potential  also  might  explain  the 
behavior  of  a boundary  layer  as  proposed  by  Longmire.2  Another  reason 


2C.  L.  Longmire,  Direct  Interaction  Effect  in  EMP,  Air  Force  Weapons 
Laboratory , EMP  Interaction  Note  69  (November  1973) . 
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for  performing  the  series  of  pig  experiments  is  that,  unlike  the  pie-pan 
experiment,  the  potential  of  the  pig  is  a function  of  time  during  and 
after  the  AURORA  pulse.  The  potential  on  the  pig  and,  therefore,  on  the 
boundary  layer  builds  up  during  the  first  part  of  the  AURORA  gamma 
pulse.  If  the  E-field  measurements  are  being  interpreted  correctly,  the 
boundary  layer  collapses  after  the  AURORA  pulse  ceases.  The  collapse  of 
the  boundary  layer  in  a bremsstrahlung  free  environment  could  be 
interpreted  regarding  the  physics  of  the  boundary  layer. 

For  the  measurements  described  in  this  report,  an  E sensor  was 
used.  Unfortunately,  the  results  are  confusing. 

Assuming  that  the  conductivity  (a)  in  equation  (15)  is  0,  one 


obtains 


E = / dt'fi-  fjr  + V(t')l 

Jo  [D  dt  AeQR  J 


[&■  ♦ fir*  VH 


I f5JL  + vtt-’ll 

dJo  Uf  + CR  J' 


(22) 


where  D is  the  distance  between  the  sensor  plates  and  E is  the  E-fiel 1 
between  the  plates.  If  CR  > dt,  one  obtains  (when  the  boundary  layer 
can  be  ignored) 


E 


D Jo  dt' 


V 

D 


(23) 


To  obtain  a situation  in  which  a = 0,  a parallel-plate  E-field  sensor 
(fig.  21)  was  put  behind  a 22 ,9-cm-thick  Pb  pig  as  shown  in  figure  22. 
The  pig  served  as  a gamma  shield.  The  measurements  were  carried  out 
with  two  different  gases  in  the  tank,  air  and  SFg . The  field  sensor  was 
positioned  at  several  locations  along  the  axis  of  the  cylinder  between 
the  pig  and  the  back  wall ; The  voltage  of  the  pig  was  determined  by 
integrating  the  experimentally  determined  values  of  the  E-field. 

Some  of  the  results  of  the  experimental  measurements  are  shown 
in  figures  23  and  24.  These  two  measurements  were  taken  with  the  sensor 
shown  in  figure  21,  2.54  cm  away  from  the  back  plate  of  the  outer  tank. 
This  position  is  favorable  because  the  E vectors  would  be  perpendicular 
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Figure  21.  Whittaker  £ sensor. 


o the  back  plate  and,  therefore,  perpendicular  to  the  E-field  sensor. 
Se^ntwtior.  of  the  E sensor  me-urements  implies  about  20,000  V 
etween  the  pig  and  the  outer  cylinder. 

In  an  effort  to  check  our  E-field  measurements  and  also  to 
nvestigate  possible  simulation  techniques,  the  pig  was  subjected 
fig.  25)  to  an  AURORA  gamma  pulse  while  the  pig  was  charged  to  (1) 
2000  V and  (2)  -2000  V.  The  time  constant  of  the  power  supply 
eolation  was  approximately  la.  The  results  of  these  E and  integrated 
! measurements  are  not  consistent  with  an  interpretation  of  the  E-field 


Al  CLAD  Pb  PIG 


fr  Vv4 


sensor  that  neglects  the  effects  of  a boundary-layer  formation  at  the 
grids  of  the  Whittaker  £ sensor.  The  bias  of  ±2000  V has  a much  more 
significant  effect  than  one  would  expect  if  the  Compton  current  produced 
by  AURORA  bremsstrahlung  were  really  charging  the  pig  to  29,000  V. 
Depending  on  the  sign  of  the  bias,  the  2000-V  bias  either  increases  or 
decreases  the  E-field  measurements  by  about  50  percent.  If  the  pig  were 
reall/  charged  to  20,000  V,  the  2000  V bias  should  not  have  more  than  a 
10-percent  effect.  A possible  explanation  of  this  disparity  is  the 
formation  of  a boundary  layer  on  the  sensor  plate.  The  boundary-layer 
effects  may  have  been  increased  by  the  grid  structure  of  the  E sensor. 

Although  no  definitive  conclusions  (based  solely  on  any  of 
these  experiments)  can  be  drawn  concerning  the  feasibility  of  using  a 
gamma-thick  absorber  as  an  E-field  enhancer,  the  results  lend  insight 
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Because  of  the  large  conduction  current  term  in  equation  (12) , 
the  significance  of  the  i sensor  is  hard  to  understand  when  it  is 
surrounded  by  ionized  air  produced  by  gamma  raysin  the  open  AURORA  test 
cell.  The  straightforward  integration  of  the  E sensor  yields  rather 
large  values  of  E.  Boundary-layer  effects  also  may  be  present. 

TO  shield  the  E sensor,  it  was  placed  behind  a pig,  and  thus 
the  significance  of  the  conduction  between  the  grids  was  reduced.  The 
results  of  the  integrated  E-fields  in  air  implied  a very  large  pig 
voltage . 


The  gas  conductivity  was  reduced  further  when  the  tank  was 
filled  with  SF,.  The  resulting  fe  measurements  were  large,  as  expected. 


The  pig  was  charged  to  2000  V aid 
radiation.  The  results  of  the  biasing  appear 
the  large  E-fields  implied  by  the  measur 
biased. 


in  light  of  the  potential 
interference  in  E-field  measurements,  a ] 
thin  foils  as  the  plates  of  the  t sensor 


4.  PLANS 

In  FY77,  the  major  goals  of  TEMSEP  to  be  fulfilled  at  HDL  will 
oontinue  the  efforts  of  the  study  described  in  this  report i 

a.  To  develop  adequate  instrumentation  to  experimentally 
characterise  the  electromagnetic  environment  in  the  AURORA  test  cell. 

b.  To  make  the  necessary  measurements  and  perform  theoretical 
calculations  to  fully  and  adequately  characterise  the  electromagnetic 
environment  in  the  AURORA  test  cell. 

c.  To  develop  an  experimented  ly  verified  theoretical  model  for 
boundary-layer  phenomena  and  determine  the  significance  of  such 
phenomena  in  tactical  source-region  situations  of  interest. 

d.  To  theoretically  determine  the  requirement  for 
self-consistent  interaction  and  coupling  calculations  for  tactical 
source-region  situations. 

e.  To  develop  an  experimentally  verified  library  of 
source-region  coupling  codes  for  tactical  system  applications. 

f.  To  specify  a technically  feasible  modification  of  the 
AURORA  Facility  for  simulating  worst-case  source-region  EMP  environments 
of  tactical  interest.  The  simulation  concept  will  be  formulated  in  an 
attempt  to  accommodate  both  controlled  diagonal  experiments  (oriented 
toward  coupling  code  verification)  and  limited  system  or  subsystem 
tests. 

g.  To  perform  state-of-the-art  vulnerability  estimates  and,  if 
necessary,  make  hardening  recommendations  for  the  AN/PRC -77  Radio  Set 
and  AN/TRC-145  Radio  Terminal  Set  by  using  the  existing  EMP 
survivability  criteria  for  tactical  endoatmospheric  threats. 
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